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Ki-1/57 is a cytoplasmic and nuclear protein of 57 kDa ﬁrst identiﬁed in malignant cells from Hodg-
kin’s lymphoma. Based on yeast-two hybrid protein interaction we found out that Ki-1/57 interacts
with adaptor protein RACK1 (receptor of activated kinase 1), CIRP (cold-inducible RNA-binding pro-
tein), RPL38 (ribosomal protein L38) and FXR1 (fragile X mental retardation-related protein 1). Since
these proteins are involved in the regulation of translation we suspected that Ki-1/57 may have a
role in it. We show by immunoprecipitation the association of Ki-1/57 with FMRP. Confocal micros-
copy revealed that Ki-1/57 colocalizes with FMRP/FXR1/2 to stress granules. Furthermore Ki-1/57
cosediments with free ribosomal particles and enhances translation, when tethered to a reporter
mRNA, suggesting that Ki-1/57 may be involved in translational regulation.
Structured summary of protein interactions:
Ki-1/57 and TIA-1 colocalize by ﬂuorescence microscopy (View interaction)
Ki-1/57 physically interacts with CIRP by two hybrid (View interaction)
FMRP physically interacts with Ki-1/57 by anti bait coimmunoprecipitation (View interaction)
Ki-1/57 physically interacts with FXR1 by two hybrid (View interaction)
Ki-1/57 physically interacts with RPL38 by two hybrid (View interaction)
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction interaction in several RNA-binding proteins, suggesting that Ki-1/The protein Ki-1/57 was discovered as a cross-reactant of the
monoclonal antibody Ki-1, which detects the 120 kDa surface mol-
ecule CD30 in malignant Hodgkin cells [1]. This 57 kDa protein is
located in the cytoplasm, nuclear pores and nucleus [1]. Further
studies revealed that several of the identiﬁed Ki-1/57-interacting
proteins were found to be involved in transcriptional control, such
as CHD3, p53 and MEF2C [2,3].
Ki-1/57 contains multiple RGG/RXR box clusters commonly
found as methylation targets for the methyl-arginine transferase
PRMT1 [4]. These motifs have been implicated in protein–RNAchemical Societies. Published by E
ional de Biociências, Centro
Giuseppe Máximo Scolfaro
x: +55 19 3512 1006.
).
Curitiba, Pr, Brazil.57 is involved in RNA metabolism [5]. Indeed, recent studies
showed that Ki-1/57 binds to U-rich RNA probes, associates with
splicing proteins such as hnRNPQ and SFRS9, modulates processing
of an E1A pre-mRNA gene construct and localizes to nuclear bodies
implicated in splicing regulation [5,6].
Previous yeast two-hybrid analyses also demonstrated that Ki-
1/57 interacts with proteins involved in translational regulation.
Among these proteins was the FXR1P protein (fragile X-related
protein 1), a member of fragile X protein family, which also in-
cludes: FXR2P and FMRP (fragile X mental retardation protein)
[7]. Limiting amounts of functional FMRP lead to the fragile X
syndrome, which is characterized mainly by mental retardation
[8]. All three FXR proteins contain RNA-binding domains and
RGG boxes and are found predominantly in the cytoplasm, where
they can associate with ribosomes [7]. This suggests that FXR fam-
ily proteins are functionally involved in translation or mRNA
stability.lsevier B.V. All rights reserved.
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analyses that revealed an association of Ki-1/57 with FXR1P, FXR2P
and FMRP in cultured human cells. Together with our sucrose gra-
dient fractionation experiments and in vivo translation tethering
assays, our data suggest that Ki-1/57 might be involved in transla-
tion regulatory events.
2. Materials and methods
2.1. Plasmid constructions
Cloning of the complete cDNA encoding Ki-1/57 into pEGFPC
has been described previously [5]. To obtain an N-terminal FLAG-
tagged Ki-1/57, we subcloned the Ki-1/57 cDNA into the pCDNA6
Myc/His (Invitrogen). FXR1, FXR2 and FMRP were subcloned into
pEGFPC (Life Technologies). MS2-CP plasmid (pCMS2) and the bidi-
rectional Renilla/Fireﬂy luciferase constructs containing none or
eight MS2-CP-binding sites were kindly provided by C. Gueydan
(Bruxelles) [9]. Ki-1/57-MS2-CP, was obtained by sub-cloning the
Ki-1/57 cDNA into pCMS2.
2.2. Co-immunoprecipitation, cell culture and microscopy
Immunoprecipitation was performed as described [5]. Brieﬂy,
cells were lysed and supernatants were incubated with rabbit
anti-FMRP (Abcam) or mouse anti-Nek11 or rabbit anti-Nek6 iso-
type matched control antibodies on G-Sepharose 4 fast ﬂow beads
(GE Healthcare). The beads were recovered, washed and bound
protein complexes were analyzed by Western blot using a hybrid-
oma supernatant anti-Ki-1/57 (A26) or polyclonal anti-FMRP (Ab-
cam) antiserum.
COS-7 cells were grown on glass cover slips and treated with
arsenite (Sigma) (0.5 mM) for 30 min, followed by 30 min recovery.Fig. 1. Functional interconnections of Ki-1/57 with translation proteins through direct
details. (A) Dotted lines: experiments described here. Solid lines: previously published ﬁ
family members [16]; Interactions marked by asterics () represent unpublished data fro
cells and identiﬁcation of the proteins by Western blot (WB). (C) Immunoprecipitation wCells were washed with PBS, ﬁxed in 2% paraformaldehyde and
then permeabilized in PBS, Triton 0.3%. After three washes cells
were incubated with PBS + 100 mM of glycine, washed and blocked
(BSA 2% in PBS). After ﬁve washes, primary antibody was added:
polyclonal anti-FXR1, -FXR2 or -FMRP (Abcam), polyclonal anti-
TIA1 (Santa Cruz Biotechnology) or monoclonal anti-FLAG (Sigma).
Secondary antibodies were conjugated to the ﬂuorophores Alexa-
594, (Molecular Probes), FITC (Santa Cruz Biotechnology) or Rhoda-
mine (Santa Cruz Biotechnology). For control, COS-7 cells were
incubated with secondary antibodies only. DAPI was used to stain
nuclei. Cells were analyzed on a Nikon ﬂuorescence (Fig. 2A) or on
a confocal Axioplan Carl Zeiss LSM 510 META microscope (Fig. 2B).
2.3. Sucrose gradient and cell fractionation
Polysome proﬁles were analyzed on sucrose gradients as previ-
ously described [10]. Cell extracts were clariﬁed by centrifugation
at 20,000g for 10 min at 4 C and polysomes were fractionated by
centrifugation at 40,000 rpm for 4 h at 4 C using a Beckman
SW41 rotor. Protein fractions were analyzed by Western blot using
the following primary antibodies: Rabbit polyclonal anti-RPS6,
anti-GAPDH (Bethyl Laboratories, 1:5000), anti-Ki-1/57 (A26,
hybridoma supernatant, 1:2), and anti-RACK-1 monoclonal anti-
body (Transduction Laboratories, 1:2000). Secondary antibodies
were: horseradish peroxidase-conjugated goat anti-mouse IgG
(Calbiochem) and donkey anti-rabbit IgG (GE Healthcare), both at
1:5000.
2.4. Luciferase assay and RT-qPCR
Cell lysis and luciferase assays were performed by using the
Promega Dual-Luciferase System Kit and an AB2200 luminometer
(ATTO, Tokyo), essentially as recommended by the suppliers. Eachphysical interactions or participation in common protein complexes. See text for
ndings. Interrupted lines with arrows at the tips: high protein similarity among FXR
m our group. (B) Immunoprecipitation assays (IP) of endogenous proteins in Jurkat
ith the indicated isotype matched control antibodies anti-NEK 11 and anti-NEK 6.
Fig. 2. Microscopy analysis of the colocalization of FLAG-Ki-1/57 with endogenous TIA-1 proteins (A) and confocal microscopy analysis of EGFPC-Ki-1/57 co-localization with
FMRP/FXR1/2 in COS-7 cells after arsenite stress (B). See text for details.
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variance ANOVA) were performed with the Oringin 6.0 software
(Microcal Software, Inc.). For reverse transcription quantitative
real-time PCR (RT-qPCR), total RNA was extracted using TRIzol
(Invitrogen). Total RNA (1 lg) was treated with DNase (GE Health-
care) and then transcribed into ﬁrst strand cDNA (GE Healthcare).
RT-qPCR reactions were performed in triplicates using the Applied
Biosystems 7500 Systems in a ﬁnal volume of 25 lL, containing 1
SYBR Green PCR Master Mix (Applied Biosystems). Data were ana-
lyzed by relative quantiﬁcation using beta-actin as endogenous
reference.
3. Results and discussion
3.1. Protein–protein association analysis
In previous yeast two-hybrid analyses using Ki-1/57(1-122) as
bait, we found as preys proteins involved in the regulation of trans-
lation (Fig. 1A): CIRP (cold-inducible RNA-binding protein), RPL38
(ribosomal protein L38) and FXR1 (unpublished observation). Pre-
vious studies had revealed that CIRP can down-regulate mRNA
translation [11], that RPL38 confers regulatory activity toribosomes [12] and members of the fragile X related (FXR) protein
family associate with polysomes [13]. The protein FMRP has been
shown to be both a negative [14] and positive [15] regulator of
translation, depending on the speciﬁc target mRNA studied. FXR1
and FXR2 are very similar in overall structure to FMRP (ca. 60%
amino acid identity) [16].
Moreover, now using Ki-1/57(122-413) as bait, we found that
54% of the identiﬁed clones represented RACK1, a receptor for acti-
vated PKC (protein kinase C) [17]. Literature data show that RACK1
may affect gene expression through translational regulation and
activation of ribosome assembly [18]. Finally, interaction of RACK1
and FMRP [19] as well as between the possible Ki-1/57 orthologue
VIG and the dFXR in Drosophila have been previously reported [20].
In order to test if Ki-1/57 may be also associated to translation
regulatory events we ﬁrst explored the potential physical associa-
tion between endogenous Ki-1/57 and FMRP in vivo. Endogenous
FMRP was immunoprecipitated from Jurkat cell lysates, and the
coprecipitated proteins were validated by Western blot (Fig. 1B).
Ki-1/57 was co-precipitated in a speciﬁc fashion, thereby providing
support for the hypothesis of a functional association between Ki-
1/57 and FMRP. For FXR1 we did not observe coprecipitation with
endogenous proteins due to the low expression levels of FXR1.
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expressed proteins FLAG-Ki-1/57 and EGFPC-FXR1/2 in HEK-293
cells we detected coprecipitation (not shown).
3.2. Protein colocalization analysis in cells under arsenite stress
To further study a possible co-localization of Ki-1/57 with FMRP
and FXR1/2 proteins in human cells we performed microscopic
studies. Although all of these proteins display a diffuse distribution
in the cytoplasm, previous studies reported on the localization of
several translation related proteins [16], including the putative
Ki-1/57 paralogue CGI-55 [21], to speciﬁc cytoplasmic foci, called
stress granules, under cellular stress conditions.
We therefore performed immune colocalization analyses be-
tween Ki-1/57 and the stress granule marker protein TIA1 [22] in
cells treated with arsenite (Fig. 2A) and found a clear superposition
of these two proteins.
We tested next whether Ki-1/57 co-localizes also with FMRP
and FXR1/2 in COS-7 cells after arsenite treatment. A clear-cut
superposition of the observed foci was found, suggesting that the
proteins co-localize in stress granules (Fig. 2B). Indeed members
of the FXR family have previously been described as constitutive
components of stress granules [16].
Besides the interaction with translational regulatory proteins,
colocalization of Ki-1/57 with stress granules suggests a possible
association to translational control mechanisms, since the granules
transiently form in the cytoplasm of cells subjected to different
stresses are enriched in RNA binding proteins involved in transla-
tional control or mRNA stability. Stress granules can lead to a gen-
eral repression of translation of most mRNAs [22].
3.3. Ribosomal particle sedimentation analysis
To test the possible association of Ki-1/57 to ribosomes we per-
formed Western blot analysis of fractions obtained with a standard
sucrose density gradient sedimentation assay [10]. Ki-1/57 is en-
riched in the fractions near the 40–60S subunit sedimentation
range, while a small but signiﬁcant amount was seen in the high
molecular weight polysomes (Fig. 3). RACK1 shows a sedimenta-Fig. 3. Analysis of Ki-1/57 sedimentation on a sucrose density gradient. (A)
Polysome proﬁle of HEK-293T whole-cell polysomal extracts prepared according to
Morello et al. (2011). (B) Western blot analysis of Ki-1/57, RACK1 and RPS6
sedimentation on a sucrose density gradient of whole-cell polysomal extracts.
GAPDH was used as reference for soluble proteins.tion proﬁle similar to the ribosomal protein RPS6, which overlaps
with Ki-1/57 in the range of the 40–60S ribosome subunits.
3.4. Tethering translation assay
RNA-binding proteins are key components in the post-tran-
scriptional regulation of gene expression. These proteins often con-
tain conserved RNA-binding domains mediating RNA contact,
subcellular targeting and protein–protein interactions [23]. Most
of these proteins are nucleus/cytoplasm shuttling proteins and
are involved in various aspects of RNA metabolism in both com-
partments. Both Ki-1/57 and CIRP share various of these features.
CIRP has been described to inhibit translation [11] and therefore
we decided to test the effect of Ki-1/57 using the same tethering
assay. In this approach, when a protein is expressed in fusion with
the bacteriophage MS2-CP protein, it is addressed onto any RNA
harboring its target MS2 stem-loop (Fig. 4A), allowing the function
of this protein to be analyzed in the context of mRNA stability/
translation activity [24].
DNA constructs encoding MS2-CP alone and Ki-1/57-MS2-CP
fusion were cotransfected in HEK-293T cells with a reporter plas-
mid carrying the Fireﬂy luciferase (Fluc) and Renilla luciferase (Rluc)
genes under the control of the bidirectional CMV promoter, with
the Renilla luciferase 30UTR containing zero (control) or 8 repeatsFig. 4. Ki-1/57 induces translational activation when tethered to the 30UTR of a
reporter mRNA. (A) Diagram of the constructs used in plasmid transfection
experiments. A CMV bidirectional promoter controls the transcription of both
Fireﬂy and Renilla luciferases. In the Renilla mRNA, the coding sequence is followed
by human b-globin 30UTR without any supplementary sequence element (0), or a
synthetic class II ARE (AUUU)8. (B) The luciferase activities measured in the cell
extracts are reported as the ratio of the Rluc to Fluc activities (mean ± SD of three
independent transfections). Dark grey bars: 0 MS2; Light grey bars: 8 MS2.
Signiﬁcant differences are marked with asterisks (P < 0.05). (C) RT-qPCR analysis of
Rluc/Fluc mRNAs in HEK293T cells, over-expressing Ki-1/57 fused with MS2-CP.
Differences between 0 and 8 MS are not signiﬁcant.
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MS2-CP tethering towards the reporter mRNA was evaluated by
comparing Rluc activities obtained with constructs with or without
MS2 repeats. The Rluc values were normalized to the Fluc activity.
We observed that expression of Ki-1/57-MS2-CP leads to a
10% increase in the Rluc/Fluc ratio for the 8 MS2-containing re-
porter gene compared to the control. This effect is speciﬁc to Ki-
1/57-MS2-CP, since a parallel control experiment using a MS2TTP
fusion (kindly provided by Dr. Cyril Gueydan) resulted in a de-
crease of the Rluc/Fluc ratio.
To address at which level the increase in translation was ex-
erted, we analyzed the effect of Ki-1/57-MS2-CP expression on
Rluc mRNA accumulation. To normalize the transfection and recov-
ery efﬁciencies, the accumulation of Fluc mRNA was measured in
the same RNA samples. As shown in Fig. 3C, the steady-state levels
of Rluc mRNAs containing the 8 MS2 binding sites seemed to be
slightly higher but the differences are not statistically signiﬁcant.
This may suggest that Ki-1/57 increases the translation of the Rluc
mRNA not by stabilizing its mRNA but on another level, possibly at
the initiation of translation.
4. Conclusions
Translational control plays a key role in regulation of gene
expression. Previous studies in our group using the yeast two-
hybrid system identiﬁed several proteins that interact with Ki-1/
57 [2] (and unpublished data). Several of these proteins participate
directly or indirectly in events related to translation (RACK1, CIRP,
FXR1 and RPL38). We also have shown that Ki-1/57 co-sediments
with large molecular weight complexes of 43–48S translation
pre-initiation complexes and that Ki-1/57 can increase the expres-
sion level of a reporter gene luciferase. Taken together, these re-
sults suggest that Ki-1/57 might function in the context of
translational regulation, thereby opening new avenues of investi-
gation for this regulatory protein.
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